Flavobacterium johnsoniae, a member of phylum Bacteriodetes, is a gliding bacterium that digests insoluble chitin and many other polysaccharides. A novel protein secretion system, the type IX secretion system (T9SS), is required for gliding motility and for chitin utilization. Five potential chitinases were identified by genome analysis. Fjoh_4555 (ChiA), a 168.9-kDa protein with two glycoside hydrolase family 18 (GH18) domains, was targeted for analysis. Disruption of chiA by insertional mutagenesis resulted in cells that failed to digest chitin, and complementation with wild-type chiA on a plasmid restored chitin utilization. Antiserum raised against recombinant ChiA was used to detect the protein and to characterize its secretion by F. johnsoniae. ChiA was secreted in soluble form by wild-type cells but remained cell associated in strains carrying mutations in any of the T9SS genes, gldK, gldL, gldM, gldNO, sprA, sprE, and sprT. Western blot and liquid chromatography-tandem mass spectrometry (LC-MS/MS) analyses suggested that ChiA was proteolytically processed into two GH18 domain-containing proteins. Proteins secreted by T9SSs typically have conserved carboxy-terminal domains (CTDs) belonging to the TIGRFAM families TIGR04131 and TIGR04183. ChiA does not exhibit strong similarity to these sequences and instead has a novel CTD. Deletion of this CTD resulted in accumulation of ChiA inside cells. Fusion of the ChiA CTD to recombinant mCherry resulted in secretion of mCherry into the medium. The results indicate that ChiA is a soluble extracellular chitinase required for chitin utilization and that it relies on a novel CTD for secretion by the F. johnsoniae T9SS.
T
he gliding bacterium Flavobacterium johnsoniae efficiently digests many polysaccharides, including insoluble chitin, a homopolymer of ␤-1,4-linked N-acetyl-D-glucosamine (GlcNAc) (1) . Chitin is one of the most abundant biomolecules on earth, and determination of the mechanisms of its digestion has biotechnological and environmental implications (2) . Analysis of the F. johnsoniae genome revealed 10 genes predicted to encode glycohydrolases involved in chitin utilization (3) . These included five predicted chitinases to cut the long chitin polymers and five predicted ␤-N-acetylglucosaminidases to release N-acetylglucosamine from the soluble chitooligosaccharides. The exact functions of each of these enzymes in chitin utilization are not known.
It has been known for many years that mutations that disrupt gliding motility often result in the inability to digest chitin (4) . More recently it was recognized that F. johnsoniae has a protein secretion system, originally called the Por secretion system and now referred to as the type IX secretion system (T9SS), that is required for both motility and chitin utilization (5) (6) (7) (8) . The components of T9SSs are not closely related to those of the well-studied type I to type VI secretion systems of Gram-negative bacteria (5, 9, 10) . They are also unrelated to the components of the chaperone-usher pathway that has recently been called the type VII secretion system (11) (12) (13) , to the components of the extracellular nucleation-precipitation pathway involved in secretion and assembly of curli amyloid fibers, which has been referred to as the type VIII secretion system (13, 14) , and to the mycobacterial ESX (ESAT-6) system (12, 15) . The T9SS is required for secretion of the cell surface motility proteins SprB and RemA and is thus needed for motility. SprB and RemA are adhesins that move rapidly on the cell surface, apparently propelled by the still poorly defined gliding motor (16) (17) (18) . Cells with mutations in T9SS genes fail to utilize chitin and lack extracellular chitinase activity (6, 8, 19, 20) . One predicted chitinase (Fjoh_4555, which we refer to as ChiA) was identified in the spent culture medium of wild-type cells but not of a T9SS mutant (6) . ChiA was thus predicted to be secreted by the T9SS and to have a role in chitin utilization.
T9SSs are common in members of the phylum Bacteroidetes, of which F. johnsoniae is a member (5) . They have been studied not only in F. johnsoniae but also in the nonmotile oral pathogen Porphyromonas gingivalis, which uses its T9SS to secrete gingipain protease virulence factors and other proteins (6, 7, 21) . Proteins secreted by T9SSs have N-terminal signal peptides, allowing transit across the cytoplasmic membrane via the Sec system, and conserved C-terminal domains (CTDs) that are thought to target the proteins to the T9SS (5, 7, 18, (22) (23) (24) (25) . These CTDs typically belong to TIGRFAM family TIGR04131 or TIGR04183. F. johnsoniae has 53 proteins with these CTD's, including SprB and RemA (8) . One predicted chitinase, Fjoh_4175, has a CTD that belongs to TIGR04183 and thus may be secreted by the T9SS. Surprisingly, the secreted chitinase ChiA does not have a recognizable T9SS CTD, so its relationship to the T9SS or to another secretion system required further study.
Here we demonstrate that chiA encodes the major extracellular chitinase required for chitin utilization and that ChiA is a soluble enzyme that requires the T9SS for secretion. We also show that the C-terminal 105 amino acids of ChiA are necessary for secretion and are sufficient to target a foreign protein for secretion by the T9SS.
MATERIALS AND METHODS
Bacterial and bacteriophage strains, plasmids, and growth conditions. F. johnsoniae ATCC 17061 strain UW101 was the wild-type strains used in this study (3, 26) . F. johnsoniae strains were grown in Casitone-yeast extract (CYE) medium at 30°C (27) or in motility medium (MM) at 25°C (28), as previously described. Escherichia coli strains were grown in LuriaBertani medium (LB) at 37°C. Strains and plasmids used in this study are listed in Table 1 , and primers are listed in Table S1 in the supplemental material. Antibiotics were used at the following concentrations when needed: ampicillin, 100 g/ml; chloramphenicol, 30 g/ml; erythromycin, 100 g/ml; kanamycin, 30 g/ml; streptomycin, 100 g/ml; and tetracycline, 20 g/ml.
Disruption and complementation of chiA. For disruption of chiA, a 1,299-bp region internal to F. johnsoniae chiA was amplified by PCR using primer 937 with an engineered BamHI site and primer 938 with an engineered SalI site. The fragment was inserted into pLYL03 that had been digested with BamHI and SalI to generate pSAM1. pSAM1 was introduced into F. johnsoniae by conjugation (27, 29) and recombined into the chromosome to yield the chiA mutant CJ1808. The insertion was confirmed by PCR using primer 737 and primer 941.
For complementation of chiA, a 4,974-bp fragment was amplified using primer 974 (engineered XbaI site) and 975 (engineered BamHI site). This fragment was introduced into complementation vector pCP23, which had been digested with BamHI and XbaI, to generate pSSK05.
Deletion of the chiA CTD-encoding region. The previously described strategy to generate unmarked deletions was employed (30) to generate a truncated gene encoding ChiA lacking the C-terminal 106 amino acids. A 2,121-bp fragment upstream of the chiA CTD-encoding region was am- plified using Phusion DNA polymerase (New England BioLabs, Ipswich, MA) and primers 1378 and 1379. The amplified fragment was digested with BamHI and SalI and cloned into pRR51 that had been digested with the same enzymes, generating pSSK26. A 2,033-bp fragment downstream of chiA was amplified by PCR using primers 1380 (engineered SalI site) and 1381(engineered SphI site). This fragment was ligated into pSSK26 that had been digested with SalI and SphI, to generate pSSK27. pSSK27 was introduced into the streptomycin-resistant wild-type F. johnsoniae strain CJ1827 by conjugation. The chiA CTD deletion mutant was isolated essentially as previously described (30) . The chiA CTD deletion mutant, CJ2325, was confirmed by PCR amplification using primers 1391 and 1392 and by sequencing the product.
Deletion of Fjoh_4175. A 2,118-bp fragment upstream of Fjoh_4175 was amplified using primers 1229 (engineered SalI site) and 1230 (engineered SphI site). The amplified fragment was digested with SalI and SphI and cloned into pRR51 that had been digested with the same enzymes, generating pSSK32. A 1,948-bp fragment downstream of Fjoh_4175 was amplified using primers 1227 (engineered XbaI site) and 1228 (engineered SalI site). This fragment was introduced into pSSK32 that had been digested with XbaI and SphI, to generate pSSK34. pSSK34 was introduced into F. johnsoniae CJ1827 by conjugation, and the Fjoh_4175 deletion mutant CJ2355 was isolated essentially as previously described (30) and confirmed by PCR amplification and sequencing using primers 1463 and 1464.
Generation of mCherry fusion constructs. A plasmid expressing the N-terminal region of ChiA (encoding the signal peptide) fused to mCherry and to the C-terminal 105 amino acids of ChiA (CTD ChiA ) was constructed. A 708-bp region of mCherry was amplified from pMEmCherry using primer 862 (engineered BamHI site) and primer 1266 (engineered XbaI site). This fragment was cloned into the BamHI and XbaI sites of pCP23, generating pSSK30. A 484-bp fragment spanning the chiA promoter, start codon, and N-terminal signal peptide-encoding region was amplified using primer 1593 (engineered KpnI site) and primer 1516 (engineered BamHI site). The fragment was inserted into KpnI-and BamHI-digested pSSK30 to generate pSSK51. To introduce the CTDencoding region, 566 bp was amplified using primer 1600 (engineered XbaI site) and primer 1404 (engineered SphI site). The product was cloned into pSSK51, to generate pSSK52. A plasmid expressing the ChiA N-terminal signal peptide fused to mCherry without CTD ChiA was also constructed as a control. mCherry was amplified using primers 862 and 1443 (engineered XbaI site) and introduced into BamHI-and XbaI-digested pCP23, generating pSSK45. The ChiA N-terminal signal peptideencoding region was amplified using primers 1593 and 1516 and was cloned into pSSK45 to generate pSSK54.
Determination of chitinase activity. Chitin utilization on agar was observed as previously described using colloidal chitin prepared from crab shells (19, 26, 31) . Chitinase activities in cell-free culture supernatants (spent media), whole cells, and cell extracts were measured as previously described (19) using the synthetic substrates 4-methylumbelliferyl
Louis, MO) except that activities were measured for 30 min. Activities in the spent media (secreted chitinase), whole cells, and cell extracts were indicated as pmol 4-methylumbelliferone released during the 30 min per g total protein in the original cell suspension. Protein concentrations were determined by the bicinchoninic acid (BCA) assay (Thermo Fisher Scientific, Waltham, MA).
Protein expression and antibody production. An 1,833-bp fragment of chiA encoding a region spanning the N-terminal glycoside hydrolase domain was amplified by PCR using primers 1066 (engineered BamHI site) and 1067 (engineered SalI site). This fragment was digested with BamHI and SalI and ligated into pET30a that had been digested with the same enzymes, generating pSSK07. pSSK07 was introduced into E. coli Rosetta 2(DE3) (Novagen, Madison, WI), which expresses seven rare tRNAs required for efficient ChiA expression. Cells were grown to midlog phase at 37°C in LB, and expression of recombinant ChiA was induced by addition of 0.5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) and incubation for an additional 4 h. Cells were collected by centrifugation and disrupted using a French press, and inclusion bodies containing recombinant ChiA were isolated by centrifugation at 6,415 ϫ g for 30 min. Inclusion bodies were suspended in 20 mM Tris-HCl (pH 7.4) containing 200 mM NaCl, 1 mM EDTA, and 200 g/ml lysozyme and incubated for 15 min at 25°C. Inclusion bodies were collected by centrifugation at 20,000 ϫ g for 15 min and washed twice by suspension in 20 mM Tris-HCl (pH 7.4) containing 200 mM NaCl, 1 mM EDTA, and 1% Triton X-100 with sonication followed by centrifugation. The inclusion bodies were solubilized in 8 M urea for 1 h at room temperature. Insoluble material was removed by centrifugation at 20,000 ϫ g for 30 min, and the soluble material containing ChiA was boiled in SDS-PAGE loading buffer and separated on 7.5% acrylamide gels by SDS-PAGE. Recombinant ChiA was visualized by CuCl 2 staining (32), the band was cut from the gel and destained in 0.25 M Tris (pH 9.0)-0.25 M EDTA, and the protein was electroeluted at 60 mA for 5 h into 25 mM Tris-192 mM glycine-0.1% SDS (pH 8.8) using a model 422 Electro-Eluter (Bio-Rad). Polyclonal antibodies against recombinant ChiA were produced and affinity purified using the recombinant protein by Proteintech Group, Inc. (Chicago, IL).
Western blot analyses. F. johnsoniae cells were grown to mid-log phase in MM at 25°C with shaking. Cells were pelleted by centrifugation at 22,000 ϫ g for 15 min, and the culture supernatant (spent medium) was filtered using 0.22-m-pore-size polyvinylidene difluoride filters (Thermo Fisher Scientific). For whole-cell samples, the cells were suspended in the original culture volume of phosphate-buffered saline consisting of 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 PO 4 , and 2 mM KH 2 PO 4 (pH 7.4). Equal amounts of spent media and whole cells were boiled in SDS-PAGE loading buffer for 9 min. Proteins were separated by SDS-PAGE, and Western blot analyses were performed as previously described (19) using affinity-purified antibody against ChiA (1: 5,000 dilution). Equal amounts of each sample based on the starting material were loaded in each lane. For cell extracts this corresponded to 15 g protein, whereas for spent medium this corresponded to the equivalent volume of spent medium that contained 15 g cell protein before the cells were removed. To determine whether ChiA was associated with membrane vesicles that had been released into the spent medium, the sample was fractionated into soluble and insoluble (membrane) fractions by centrifugation at 352,900 ϫ g for 30 min. For detection of mCherry by Western blotting, commercially available antibodies against mCherry (0.5 mg per ml; BioVision Incorporated, Milpitas, CA) were used at a dilution of 1:5,000.
Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. F. johnsoniae cells were grown to mid-log phase in MM at 25°C with shaking. Cells were pelleted by centrifugation at 22,000 ϫ g for 15 min, and the spent culture medium was filtered (0.22-m polyvinylidene difluoride filters) to remove residual cells. The spent medium was concentrated 1,000-fold using Pierce concentrators (Thermo Fisher Scientific), and proteins were separated by SDS-PAGE and detected using the Bio-Rad (Hercules, CA) silver stain kit.
Enzymatic in-gel digestion and mass spectrometric analysis of the peptides were performed at the University of Wisconsin-Madison Mass Spectrometry Facility essentially as previously described (33, 34) . Enzymatic digestion and peptide recovery were performed as outlined on the website http://www.biotech.wisc.edu/facilities/massspec/protocols /ingelprotocol. Peptides were analyzed by nanoscale LC-MS/MS (NanoLC-MS/MS) using the Agilent 1100 Nanoflow system (Agilent Technologies, Palo Alto, CA) connected to a hybrid linear ion trap-Orbitrap mass spectrometer (LTQ-Orbitrap XL; Thermo Fisher Scientific) equipped with a nanoscale electrospray ion source. Chromatography of peptides prior to mass spectral analysis was accomplished using a C 18 reverse-phase high-pressure liquid chromatography (HPLC) trap column (Zorbax 300SB-C18, 5 M, 5 by 0.3 mm; Agilent Technologies) and a capillary emitter column (in-house packed with Magic C 18 , 3 M, 150 by 0.075 mm; Michrom Bioresources, Inc.) onto which 8 l of extracted peptides was loaded. NanoHPLC system-delivered solvents were as follows: A, 0.1% (vol/vol) formic acid in water, and B, 95% (vol/vol) acetonitrile-0.1% (vol/vol) formic acid. Sample loading was performed at 10 l/min, and peptide elution was performed at 0.20 l/min, using a gradient from 1% (vol/vol) B to 60% (vol/vol) B over 60 min followed by a gradient from 60% (vol/vol) B to 100% (vol/vol) B over 10 min. As peptides eluted, survey MS scans were acquired in the Orbitrap with a resolving power of 100,000 over the mass range m/z 300 to 2000. The 5 most intense peptides detected per scan were fragmented and detected in the ion trap. Raw MS/MS data were converted to mgf file format using the Trans Proteomic Pipeline (Seattle Proteome Center, Seattle, WA). The resulting files were used to search against the F. johnsoniae protein database concatenated with a list of common lab contaminants (5,057 protein entries) with cysteine carbamidomethylation as fixed modification and methionine oxidation and asparagine/glutamine deamidation as variable modifications. Peptide mass tolerance was set at 20 ppm and fragment mass tolerance at 0.8 Da. Matrix Science Mascot version 2.2.07 was used as a search engine, and protein identifications with at least two matched peptides with ion scores of 25 or above were reported.
RESULTS
chiA mutant cells are defective in chitin utilization. Chitinases have catalytic glycoside hydrolase domains belonging to families 18 (GH18) and 19 (GH19) (35) . The F. johnsoniae genome encodes five predicted chitinases with such domains (3). One of these, Fjoh_4555, which we refer to as ChiA (Fig. 1) , has previously been implicated in chitin utilization. Cells with a mutation in the T9SS gene sprT failed to accumulate ChiA in the extracellular fluid and failed to utilize chitin (6) . ChiA has two GH18 domains, each predicted to have chitinolytic activity (Fig. 1B) . We disrupted chiA to determine its role in chitin utilization. Cells of the chiA mutant CJ1808 failed to utilize chitin ( Fig. 2A) , and the mutant cells were deficient in extracellular chitinase activity (Fig.  3) . Complementation with pSSK05, which carries chiA, restored extracellular chitinase activity and the ability to utilize chitin ( Fig.  2 and 3) . Chitinase activities associated with intact cells and with cell extracts were less affected by disruption of chiA, suggesting that the other predicted chitinases may contribute to these cellassociated activities (Fig. 3) . Extracts prepared from cells carrying pSSK05 exhibited elevated levels of activity against 4-MU-(GlcNAc) 3 , perhaps indicating that ChiA expressed from the plasmid was not efficiently secreted. Deletion of the T9SS genes gldN and gldO also resulted in decreased extracellular chitinase, as previously reported (19) , presumably because of a failure to secrete ChiA. Another predicted chitinase, Fjoh_4175, exhibits sequence similarity to the GH18 chitinase domain near the amino terminus of ChiA (GH18N). The CTD of Fjoh_4175 is similar in sequence to the CTDs of members of TIGRFAM family TIGR04183. These CTDs are thought to target the proteins for secretion by the T9SS. Given the importance of the T9SS in chitin utilization, we examined the role of Fjoh_4175 in this process. The Fjoh_4175 deletion mutant CJ2355 digested and grew on chitin (Fig. 2B) . Cells of the mutant also had as much extracellular and cell-associated chitinase activities as did wild-type cells (Fig. 3) , indicating that Fjoh_4175 does not play a major role in chitin utilization under the conditions examined.
ChiA is a soluble extracellular protein. A portion of ChiA spanning the N-terminal GH18 domain (GH18N) was overexpressed in E. coli, and polyclonal antiserum was raised against this fragment. The antiserum was used to detect ChiA in cultures of wild-type F. johnsoniae. ChiA was present primarily in the cell-free spent medium, with little if any cell-associated ChiA (Fig. 4A) . ChiA was detected in spent medium from wild-type cells but was absent from spent medium of the chiA mutant (Fig. 4B) . Intro- duction of chiA into the mutant on pSSK05 restored production of ChiA. Expression from pSSK05 resulted in large amounts of ChiA, and fragments of ChiA, in the spent medium and in intact cells (Fig. 4B) . The extra bands observed for the complemented strain may be the result of failure to efficiently secrete the overexpressed protein, perhaps resulting in degradation. To determine whether ChiA in the spent medium from wild-type cells was present in soluble form or was associated with membrane vesicles or cell debris, particulate material was pelleted by ultracentrifugation twice at 352,900 ϫ g for 30 min. ChiA was found in the soluble fraction (Fig. 4C) , indicating that ChiA is a soluble secreted protein.
ChiA is predicted to be 166 kDa in size after removal of its N-terminal signal peptide. We refer to the cell-associated 166-kDa protein as proChiA (Fig. 4B) . In contrast, the secreted ChiA detected with our antiserum migrated with an apparent molecular mass of approximately 92 kDa (Fig. 4) , suggesting that the protein was proteolytically processed. The antiserum used to detect ChiA was raised against the region spanning the N-terminal GH18 domain and thus did not efficiently detect other regions of ChiA released during processing.
Cell-free spent media from wild-type, chiA mutant, and complemented cells were also examined by SDS-PAGE followed by silver staining to identify the prominent bands. Proteins of approximately 92 kDa and 65 kDa were observed in spent media from wild-type and complemented cells but not in spent medium of the chiA mutant (Fig. 5) . The 92-kDa and 65-kDa proteins secreted by cells of the chiA mutant CJ1808 complemented with pSSK05, which expresses ChiA, were identified by LC-MS/MS (see Fig. S1 and S2 in the supplemental material). The two bands corresponded to the two GH18 domains of ChiA with flanking sequences, suggesting that proteolytic processing released these in soluble form. The 92-kDa band (ChiA GH18N ) corresponded to a fragment containing the amino-proximal GH18 fragment and adjacent regions, and the 65-kDa band (ChiA GH18C ) corresponded to a fragment containing primarily the carboxy-proximal GH18 and adjacent regions. LC-MS/MS analysis of the 65-kDa band also revealed two peptides corresponding to regions of the protein 2 , and 4-MU-(GlcNAc) 3 . Equal amounts of each sample, based on the protein content of the cell suspension, were incubated with 10 nmol of synthetic substrate for 30 min at 37°C, and the amount of 4-MU released was determined by measuring fluorescence emission at 460 nm following excitation at 360 nm. Yellow, wild-type F. johnsoniae UW101. Red, chiA mutant CJ1808. Green, CJ1808 with pSSK05, which carries chiA. Tan, gldNO deletion mutant CJ1631A. Purple, CJ2325, which produces ChiA lacking the C-terminal 106 amino acids. Blue, Fjoh_4175 deletion mutant CJ2355. closer to the amino terminus. These were apparently low-abundance proteins in the band (see Fig. S2 in the supplemental material) and may have corresponded to breakdown products of the 92-kDa protein. Such breakdown products of approximately 65 kDa were expected, because they were also observed by Western blotting using antiserum against the amino-terminal portion of ChiA (Fig. 4B) . LC-MS/MS analysis of the 65-kDa and 92-kDa proteins failed to detect the amino-terminal signal peptide and the C-terminal 91-amino-acid region.
The T9SS is required for secretion of ChiA. Mutations in the F. johnsoniae T9SS genes gldK, gldL, gldM, gldN, sprA, sprE, and sprT result in defects in chitin utilization (6, 8, 19, 20) . The effect of such mutations on secretion of ChiA was examined. ChiA accumulated in the spent culture medium of wild-type cells but not in that of cells of the T9SS mutants (Fig. 6A) . Complementation of the T9SS mutants with plasmids carrying the appropriate T9SS genes restored secretion of ChiA into the culture medium. Cells were also examined for ChiA. Wild-type cells accumulated little if any ChiA protein, whereas cells of the T9SS mutants accumulated some proChiA (Fig. 6B) . The amount of proChiA that accumulated in cells of the T9SS mutants was less than the amount of processed ChiA found in the culture fluid of wild-type cells. We do not know the reason for this, but likely explanations could include decreased expression of ChiA or degradation of the improperly localized ChiA in the T9SS mutants.
The C-terminal region of ChiA is necessary and sufficient for secretion. F. johnsoniae proteins known to be secreted by the T9SS have conserved CTDs that belong to TIGRFAM families TIGR04131 (such as SprB) and TIGR04183 (such as RemA). ChiA does not exhibit strong similarity to members of these TIGRFAM families (see Fig. S3 and S4 in the supplemental material). However, ChiA has a C-terminal region of unknown function that might perform a similar role, and this region does exhibit limited similarity to the CTDs of TIGR04183 members (see Fig. S4 in the supplemental material). A mutant, CJ2325, which expresses ChiA lacking the C-terminal 106 amino acids was constructed. Cells of CJ2325 failed to utilize chitin and failed to accumulate ChiA extracellularly ( Fig. 3 and 7) . Instead, the mutant cells accumulated cell-associated proChiA, suggesting a role for the C-terminal region in secretion.
To determine if the ChiA CTD is sufficient for secretion, we constructed a plasmid that expressed the foreign protein mCherry sandwiched between the ChiA signal peptide (at the amino terminus) and a 105-amino-acid region encompassing the ChiA CTD (at the carboxy terminus). Expression of mCherry with the 105-amino-acid C-terminal region of ChiA resulted in accumulation of mCherry in the spent medium, whereas expression of mCherry without the ChiA C-terminal region did not (Fig. 8) . Cells of a strain lacking the T9SS genes gldN and gldO failed to secrete mCherry-CTD ChiA . Together these results suggest that the CTD of ChiA targets proteins for secretion by the T9SS. Cells of the chiA mutant exhibit wild-type gliding motility. Many mutants of F. johnsoniae that have defects in chitin utilization have been studied, and each of these also had defects in gliding motility (6, 8, 19, 20, 26, 36, 37) . The connection between chitin utilization and gliding motility was unclear until it was recognized that assembly of the gliding motility apparatus and secretion of ChiA relied on the same T9SS. Unlike the T9SS mutants, cells of the chiA mutant CJ1808 formed spreading colonies on agar (see Fig. S5 in the supplemental material), and cells moved rapidly over surfaces similarly to wild-type cells, demonstrating that the ability to utilize chitin was not required for gliding motility.
DISCUSSION
F. johnsoniae rapidly digests insoluble chitin, and its genome encodes five predicted chitinases that may have roles in this process cell-free spent media from cultures of the wild type (WT), chiA mutant CJ1808 (chiA), and CJ1808 complemented with pSSK05, which carries chiA (chiA c ), were separated by SDS-PAGE. Proteins were detected by silver staining. ChiA GH18N and ChiA GH18C refer to amino-proximal and carboxy-proximal GH18-containing fragments, respectively, of ChiA as determined by LC-MS/MS analysis of material from the 92-kDa and 65-kDa bands (see Fig. S1 and S2 in the supplemental material). M, molecular mass markers. were examined for ChiA by SDS-PAGE followed by Western blotting using antiserum against recombinant ChiA. WT, wild-type F. johnsoniae UW101. chiA, chiA mutant CJ1808. gldK, gldK mutant UW102-57. gldK c , UW102-57 complemented with pTB99, which carries gldK. gldL, gldL mutant UW102-344. gldL c , UW102-344 complemented with pTB81a, which carries gldL. gldM, gldM mutant UW102-176. gldM c , UW102-176 complemented with pTB94a, which carries gldM. ⌬gldNO, gldNO deletion mutant CJ1631A. ⌬gldNO c , CJ1631A complemented with pTB79, which carries gldN. sprA, sprA mutant UW102-3. sprA c , UW102-3 complemented with pSN48, which carries sprA. sprE, sprE mutant FJ149. sprE c , FJ149 complemented with pNap2, which carries sprE. sprT, sprT mutant KDF001. sprT c , KDF001 complemented with pKF002, which carries sprT. Samples loaded in panel B corresponded to 15 g protein per lane, and samples loaded in panel A corresponded to the volume of spent medium that contained 15 g cell protein before the cells were removed.
(3). Here we demonstrate that one of these, ChiA, is essential for chitin utilization. ChiA is a soluble extracellular enzyme. Disruption of chiA eliminates soluble extracellular chitinase activity and results in an inability of cells to digest insoluble chitin. Cell-associated chitinase activities were still present, presumably contributed by some of the remaining four predicted chitinases. Some of these may reside on the cell surface, whereas others may be periplasmic, allowing the digestion of oligomers of chitin that have been imported across the outer membrane. At least one of the predicted chitinases, Fjoh_4175, was not essential for chitin digestion under the conditions employed. Deletion of Fjoh_4175 failed to decrease the levels of secreted or cell-associated chitinase activities. Fjoh_4175 may be a minor chitinase, may not be expressed under the conditions of our experiments, or may not assist in digestion of the form of chitin (insoluble colloidal chitin prepared from crab shells) used in this study.
ChiA appears to be secreted by the T9SS. Mutations in any of the T9SS genes resulted in failure to secrete soluble ChiA and accumulation of unprocessed proChiA inside cells. Sequence analysis did not predict that ChiA would be secreted by the T9SS. Most other proteins known to be secreted by T9SSs have CTDs that belong to TIGRFAM families TIGR04131 (which includes SprB) and TIGR04183 (which includes RemA), but ChiA was not recognized by algorithms used to detect members of these families. ChiA does, however, have a region C-terminal to the predicted catalytic domains that appears to perform a similar function. Deletion of this region resulted in failure to secrete ChiA, and attachment of this region to a foreign protein, mCherry, resulted in secretion in soluble form. BLASTP analysis of the C-terminal 106-amino-acid sequence against the nonredundant protein sequences in GenBank identified only three proteins that exhibit significant similarity to the F. johnsoniae ChiA CTD. Each of these is a predicted chitinase from Flavobacterium species, and each is similar to ChiA not only over the CTD but also over the entire protein. The ChiA CTD thus does not seem to represent a large family of previously unrecognized T9SS CTDs. The results reported here and those previously published (21) (22) (23) (24) (25) (38) (39) (40) indicate that CTDs are involved in secretion by the T9SS but that there is considerable variation in the CTD sequences. Some features are apparently common to all, including the presence of multiple positively charged residues near the carboxy terminus. The sequence variations suggest that the structures of the CTDs may be more important than the exact sequences in targeting proteins to the T9SS.
The T9SS probably secretes many proteins besides those involved in motility and chitin utilization. F. johnsoniae is predicted to encode 53 proteins that have CTDs that belong to TIGRFAM families TIGR04131 and TIGR04183, which are thought to target proteins for secretion by the T9SS (8) . This list includes nine predicted glycoside hydrolases, one polysaccharide lyase, and four peptidases in addition to proteins such as SprB and RemA that were previously known to be secreted by this system. Mutations that disrupt the T9SS are thus likely to have pleiotropic effects in addition to the known defects in motility and chitin utilization.
Proteins secreted by T9SSs often localize to the outer surface of the outer membrane. The F. johnsoniae motility proteins SprB and RemA and the P. gingivalis gingipains and adhesins are examples of such proteins (8, 18, 23, 24, (39) (40) (41) . Some of these surface- ChiA may undergo multiple processing events during or after secretion from the cell. ChiA has a predicted cleavable N-terminal signal peptide that is thought to target it to the Sec system for transit across the cytoplasmic membrane. Mutations in secDF result in decreased digestion of chitin (42) , which is consistent with the involvement of the Sec system in export of ChiA. T9SS mediated secretion across the outer membrane may involve cleavage of the CTD from ChiA. This C-terminal region was not detected by LC-MS/MS analysis of secreted ChiA, suggesting that it may have been removed from the major secreted products. Evidence of removal of T9SS CTDs by proteolytic processing during secretion was recently reported for proteins of P. gingivalis, Tannerella forsythia, Parabacteroides distasonis, Prevotella intermedia, and Cytophaga hutchinsonii (7, 22, 24, 39, 40) . PG0026, also referred to as PorU, was required for removal of the CTDs from secreted proteins of P. gingivalis (22) . F. johnsoniae has an ortholog of PorU that may perform a similar function. In addition to removal of the amino-and carboxy-terminal regions, F. johnsoniae ChiA may have had another processing event involving proteolysis between the two GH18 domains, resulting in two major soluble products, each predicted to have chitinase activity. We do not know whether this processing event is important for the functioning of ChiA or whether it is the result of nonspecific digestion by one of the many proteases produced by F. johnsoniae (3) . ChiA GH18N is similar in sequence to Bacillus circulans ChiA1 (43) , and ChiA GH18C is similar in sequence to B. circulans ChiD (44) (see Fig. S6 and S7 in the supplemental material). The two GH18 domains of F. johnsoniae ChiA exhibit little similarity to each other, but each has the signature active-site sequence (DXXDXDXE) that is characteristic of GH18 chitinases (35) . B. circulans chiA1 and chiD are adjacent on the genome, and the protein products presumably work together to digest chitin (44) . Additional experiments are needed to determine the exact functions of F. johnsoniae ChiA GH18N and ChiA GH18C and the synergy, if any, that they exhibit.
In addition to their catalytic domains, many bacterial chitinases have carbohydrate-binding modules (CBMs) belonging to family 5 or 12 (35) . Examination of proteins encoded by the F. johnsoniae genome revealed the complete absence of such domains, as presented in the Carbohydrate Active enZYmes (CAZY) database (http://www.cazy.org/) (45, 46) . ChiA itself does not harbor a recognizable CBM of any family. ChiA may have novel CBMs or may rely on its catalytic domains to interact with chitin.
ChiA is required for F. johnsoniae chitin digestion, but further experiments are needed to determine if the four other predicted chitinases (3) have roles in this process. Synergistic interactions between multiple chitinases may be needed to efficiently digest crystalline chitin in nature. Such synergy has been demonstrated for the chitinases of other bacteria (47) . Variations in organization of the polymer strands in the ␣, ␤, and ␥ forms of crystalline chitin, variation in the degree of acetylation, and variations regarding the components complexed with chitin (proteins, polysaccharides, or inorganic materials) (35, 48) may mean that no single enzyme or set of enzymes is ideally suited to efficiently digest all forms of chitin. Additional experiments will be needed to determine the entire complement of chitinolytic enzymes that allows optimal digestion and utilization of different forms of chitin by F. johnsoniae cells.
Chitin is one of the most abundant biopolymers produced on earth and is a common component of organisms in soil, freshwater, and marine environments (2, (49) (50) (51) . Bacteria of the phylum Bacteroidetes are important and sometimes dominant members of the chitinolytic communities in these environments (52) . Members of the phylum Bacteroidetes are known to use novel strategies to utilize polysaccharides (53) , and an improved understanding of the mechanisms used by F. johnsoniae and related bacteria to digest chitin may enhance our understanding of the turnover of this important biopolymer in nature. Such studies may also have more targeted practical value. For example, F. johnsoniae and closely related bacteria are common in the rhizosphere (54) (55) (56) (57) (58) (59) and have been linked to enhanced disease resistance of plants (57, 60) . Chitinases released by these bacteria may contribute to this resistance because of their activities against fungal or insect pests. The chitin-modifying enzymes may also be useful for the production of chitooligosaccharides and other pharmaceutical products (61) .
The results presented in this paper identify the major extracellular chitinase, ChiA, of F. johnsoniae and characterize its secretion by the T9SS. The motility adhesins SprB and RemA are also known to be secreted by the F. johnsoniae T9SS. Unlike SprB and RemA, ChiA is not attached to the cell surface after secretion but instead is released in soluble form. Further study is needed to determine what features of the proteins result in anchoring on the cell surface or release in soluble form. The results of such studies could have broad implications. Analysis of the F. johnsoniae genome suggests that many proteins are secreted by the T9SS, and these are likely to undergo similar CTD recognition and processing events. Moreover, T9SSs appear to be common in the large and diverse phylum Bacteroidetes (5, 39) , and an understanding of the events occurring during secretion of cell surface and extracellular proteins of these bacteria will likely be of both practical and fundamental significance.
